In this paper we present a 3D simulation study of the emittance growth in a mismatched anisotropic beam. The equipartitioning driven by a 4th order space-charge resonance can he significantly modified by the presenc of mismatch oscillation and halo formation. This causes emittance growth in both the longitudinal and transverse directions which could drive the beam even further away from equipartition. The averaged emittance growth per degree of freedom follows the upper hound of the 2D free energy limit plus the contributions from eqipartitioning.
INTRODUCTION
Emittance growth is one of the most fundamental issues in accelerator beam dynamics studies. In a constant focusing channel (smooth approximation of the real machine), the energy anisotropy of the beam is defined as the ratio of the longitudinal temperature to transverse temperature, .% = %, where z is correlated to the longitudinal direction and x is the transverse direction. For a collisionless anisotropic beam in the accelerator, the nonlinear space-charge forces coupling the longitudinal and transverse directions cause emittance exchange among different degrees of freedom when the internal resonance conditions are satisfied. This will he further enhanced by the collective space-charge instability which can grow out of the noise in an anisotropic beam. In this case, the emittance grows in a plane that receives energy, and decreases in a plane that loses energy. A major fourth order difference resonance hand in the vicinity of the symmetric focusing has been identified and studied [I, 2, 3,4] . It was found that within this fourth order resonance hand, the anisotropic beam will approach to equipattition within a few betatron oscillation periods. Outside the stophand of the coupling resonance, the emittance exchange is small. An initial anisotropic beam can remain anisotropic for a long time without progressing to an equipartitioned beam.
On the other hand, in accelerators, the change of focusing lattice can cause the mismatch between the input beam and the transport system. The mismatch will result in the oscillation of beam envelope and excite the envelope eigenmodes. These envelope modes possess additional free energy compared with the stationaq distribution. Individual parlicles with right oscillation frequency can resonate with these envelope modes through the so-called parametric resonance, e.g. 2 : 1 resonance, and attain large amplitude to form halo [5, 61. These halo particles extract the energy 'jqiang@lbl.gov 0-7803-7738-9/03/$17.00 0 2003 IEEE 2954 from the envelope modes and convert the free energy from mismatch into thermal energy, which causes beam emittance growth.
In recent years, studies have been focused on the understandmg of the emittance exchange of an rms matched beam with initial energy anisotropy [2, 3, 4, 7, 81 or the mismatched halo formation without the presence of energy anisotropy [9] . For a mismatched anisotropic beam, the final rms emittance growth is more complicated depending on the longitudinal to transverse tune ratio and the longitudinal to transverse emittance ratio of the beam. In this paper, we have canied out a detailed parameter study of the final emittance growth in a constant fbcusing channel as a function of longitudinal to transverse tune ratio for two longitudinal to transverse emittance ratios. The simulations have heeu done using the 3D particle-in-cell code IMPACT [lo] . In the simulations, which include a selfconsistent space-charge calculation, we used one million particles on a 64 x 64 x 64 Carlesian grid. We have assumed that in the 3D simulation the initial distribution in y is identical to that in x. The numerical convergence of the simulation has been checked using a larger number of macroparticles, more grid points, and a smaller step size.
SPACE-CHARGE DRIVEN EMITTANCE GROWTH
We first discuss the emittance growth without the presence of the major fourth order coupling resonance in a mismatched beam. In this case, we have chosen .,/e. = 1, k,/ko, = 0.6 and a symmetric mismatch factor of 1.3 in all three directions. The emittance exchange around the fourth order difference resonance 2k, -2kz i l : 0 is negligible since there is no free energy available to transfer for a beam with equipartitioned temperature ratio T,/T, = 1. Fig. I shows the final relative rms emittance growth as a function of k,/kz for fixed transverse tune depression. The simulations were done through 100 zero current betatron oscillation periods to reach saturated amplitudes. The initial distribution is a 6 0 Gaussian distribution. For 0.56 < kz/kz < 1, the relative emittance growth in the transvem direction is larger than that in the longitudinal direction. Above k,/k, = 1, the emittance growth in the longitudinal direction becomes dominant. In both cases, the emittance growth is predominately in the direction with stronger focusing. Such anisotropic emittance gmwth could make the beam move further away from equipartition. for the typical 2 : 1 parametric resonance moves closer to the core [9] . This results in more particles being involved in the paramettic resonance in that plane and larger emittance growth. Additional final emittance growth in the longitudinal direction is observed for 0.2 < k,/k, < 0.56.
The large final longitudinal emittance growth is associated with the contributions from the halo formations and from the equipartitioning driven by the higher order modes.
Next, we are going to discuss the emittance growth of an anisotropic heam with the presence of the major fourth order coupling resonance. Within the resonance band of 2k, ~ Sle, zs 0, there will be pronounced emittance exchange between the transverse direction and the longitudi-2955 nal direction even thoughthe beamis initially rms matched. by about 34%. The energy anisotropy T, JT= has dropped from initial 2.3 to 1.1 at the peak of resonance.
With the presence of initial mismatch in above anisotropic heam, the final emittance growth within the fourth order resonance hand 2k, -2k, % 0 for the rms matched beam is significantly modified. The mismatch causes the envelope oscillations and halo formation in both transverse and longitudinal directions. As a result, the emittances grow in both directions even with the presence of initial emittance exchange. This process pushes the final state of the mismatched anisotropic heam away from equipartition. Fig. 3 shows the final relative emittance growth as a function of k, Jk, for an initial Gaussian distribution with a fixed k,lk,a = 0.6, cZ/fz = 2. and an initial 1.3 mismatch in all three dnections. The mismatched anisotropic beam shows both equipartitioning and anisotropic emittance growth. Comparing with the case of emittance growth around2kZ -2k, % 0 (0.6 < k, Jk, < 1.4) for a mismatched beam with fz/f. = 1, there exists a regime of equipartitioning (0.97 < k, Jk, < 1.24) for the mismatched beam with ci/tz = 2. Comparing with the matched anisotropic beam with cz Jc. = 2, the peak of the resonant emittance exchange occurs at the same tune ratio. However, the range of tune ratio for the final emittance exchange has been reduced from 0.8 < k,/k, < 1.45 to 0.97 < k, Jk, < 1.24. Within this range, the fourth order resonance driven equipartitioning is stronger than the halo driven emittance growth. There is a net final emittance exchange between longitudinal direction and transverse direction. Outside this range, the opposite is m e . The emittance gmwth from the mismatched halo overcomes the initial equipartitioning process. The final state of the beam can he driven further away from equipartition.
Even though the emittance growth along the transverse and longitudinal direction shows strong dependence on the longitudinal to transverse tune ratio, the averaged rms emittance growth per degree of freedom, is found to be relatively insensitive to the ratio of the tune within the range anisotropic beam. Fig. 4 shows the averaged rms emittance as a function of mismatch factor for an initial Gaussian beam with k,o/k,o L 1, e,/t, = 1 and 2 together with the emittance growth calculated from the free energy model. The emittance growth using the 2D free energy model includes the contributions from the initial charge redistribution of the Gaussian beam and from the initial envelope mismatch. For cz lez = 1, the averaged emittance growth per degree of freedom from simulation rises slower than that from the free energy model as the mismatch factor increases. For tZ/cz = 2, the averaged emittance growth h m simulation is larger than that from the free energy model for mismatch factor less than 1.15. This extra-emittance g~owth is due to contributions from equipartitiouing. For mismatch factor greater than 1.15, the emittance growth calculated from the free energy model quickly takes over. The general function dependence of the averaged emittance growth on the mismatch factor for c./e. = 2 and ez fez = 1 is similar except an upshift for the e./cz = 2 case due to the equipartitiuning within the coupling resonance. The smaller averaged emittance growth from simulations is due to the fact that there is an incomplete transfer of free energy of envelope oscillation to the emittance growth. The free energy model tends to overestimate the emittance growth since it does not take into account the field energy associated with nouuniform density in the final stationary distribution. Including the contributions from the energy anisotropy, the 2D free energy model represents an upper b u n d for the averaged emittance growth per degree of freedom in a mismatched 
CONCLUSIONS
In summary, the final equipartitioning state of an anisotropic beam within the fourth order coupllog resonance has been significantly modified with the presence of the rms mismatch. The anisotropic beam within the resonance hand can he pushed further away from the equipmition hy the mismatch halo induced emittance growth. For a mismatched anisotropic beam, the emittance growth shows a supposition of the contribution from the equipartitioning and from the mismatched halo formation. Even though the emittance growth along the transverse and longitudinal directions shows strong dependence on the longitudinal to transverse tune ratio, The averaged mu emittance growth per degree of freedom is relatively insensitive to the m e ratio and follows the bound of free energy model plus the equipartitioning contributions.
